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involved  in  these  electrostatic  interactions.  Residue  287 
within  the  Sj  region  of  the  active  site  cleft  is  variable 
among  the  aspartic  proteinase  family,  with  Glu.  Gin,  Met,  and 
Gly  occurring  in  various  enzymes.  An  alanine  or  a glutamine 
is  found  at  position  13  in  the  other  members  of  this  family. 

A site-directed  mutagenesis  approach  combined  with  a 
high  resolution  crystal  structure  and  in-depth  kinetic 
analyses  were  undertaken  to  verify  the  role  of  the  two 
residues  in  specific  and/or  general  electrostatic 
interactions  in  the  enzyme.  The  Glul3  was  replaced  with  an 
alanine  or  a glutamine.  The  residue  at  position  287  was 
substituted  with  a methionine  or  a glutamine.  A double 
mutant,  with  a glutamine  at  position  13  and  a methionine  at 
position  287,  was  also  generated.  The  wild  type  and  the 
mutant  proteins  were  overexpressed  in  E.  coli  and 
subsequently  purified  to  homogeneity.  All  the  mutant  enzymes 
were  kinetically  characterized. 

The  results  have  established  the  origin  of  specific 
and/or  general  electrostatic  interactions  in  the  S3  and  Sa 
subsite  of  porcine  pepsin.  Also  significant  are  the  changes 
in  binding  requirements  and  catalysis  of  the  mutant  enzymes 
altering  a single  residue  namely,  Glu287,  in  the  S2  subsite. 
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CHAPTER  1 

PROTEOLYTIC  ENZYMES 


Protein-ligand  interactions  play  an  integral  role  in 
living  systems.  Enzymatic  catalysis  is  a common  example  o£ 
such  an  interaction.  The  encounter  between  a substrate  and 
an  enzyme  is  controlled  by  an  intricate  interplay  of  a 
variety  of  forces  which  include  hydrogen  bonding,  hydrophobic 
and  electrostatic  interactions.  The  contribution  of  each  of 
these  forces  is  necessary  to  understand  structure-function 
relationships . 

Advances  over  the  past  decade  in  understanding  the 
structure  of  proteins  have  led  to  attempts  to  correlate  the 
structure -activity  relationship  of  enzymes.  A number  of 
enzymes  have  been  investigated  in  depth  and  these  studies 
have  revealed  the  intricacies  of  enzymatic  specificity  and 
catalysis  at  the  molecular  level. 

Examination  of  kinetic  specificity,  in  conjunction  with 
detailed  three-dimensional  structural  analyses,  has  led  to 
the  identification  of  the  geometry  and  the  components  of  the 
active  site  of  the  family  of  proteinases.  Based  on  these 
characteristics  and  the  mechanism  of  action,  the  proteinases 
have  been  categorized  into  4 classes,  namely. 


2.  Cysteine  proteinases 

3.  Metallo  proteinases 

4.  Aspartic  proteinases 

Proteinases  have  an  extended  binding  cle£t  made  up  of 
distinct  subsites  each  of  which  contributes  to  the  enzymatic 
specificity  (Schechter  and  Berger,  1967).  The  interactions 
between  the  amino  acid  side  chains  of  the  substrate  and  the 
side  chains  within  the  subsites  of  the  enzyme  in  the  active 
site  of  proteolytic  enzymes  provide  a basis  for  substrate 
preferences. 

The  ability  to  alter  a protein  by  changing  the  specific 
amino  acids  using  protein  engineering  has  helped  us 
understand  the  structure- function  relationships  in  proteins. 
Several  enzymes  have  been  explored  through  protein 
engineering  to  evaluate  the  role  of  non-covalent  interactions 
in  catalysis  and  to  understand  the  role  of  molecular 
recognition  in  protein  function.  The  studies  focusing  on  the 
importance  of  molecular  interactions  taking  place  in  specific 
subsites  critical  in  enzymatic  specificity  for  some  of  the 
enzymes  will  be  discussed  in  this  chapter. 

Two  classes  of  serine  proteinases,  which  include  1)  the 
mammalian  serine  proteinases  e.g.  chymotrypsin,  trypsin, 
elastase,  and  2)  bacterial  serine  proteinases,  an  example  of 


which  is  subtilisin,  have  been  extensively  studied.  These 
enzymes  are  similar  in  terms  of  their  mechanism.  The  active 
site  is  composed  of  a His-Asp-Ser  catalytic  triad.  Catalysis 
proceeds  via  a tetrahedral  transition  state  intermediate  via 
acylation  and  deacylation  steps  on  the  serine  (Kraut,  1977). 
However,  they  differ  in  their  specificity  towards  substrates. 
Trypsin  cleaves  at  lysine  or  arginine,  chymotrypsin  prefers 
large  hydrophobic  side  chains  such  as  phenylalanine,  tyrosine 
and  tryptophan.  Elastase  likes  small  hydrophobic  residues 
such  as  alanine  (Fersht,  1977).  Subtilisin.  the  bacterial 
serine  proteinase,  also  prefers  hydrophobic  residues  in  the 
Pi  position  of  the  peptide.  The  origin  of  the  differences  in 
specificity  lie  in  the  S}  binding  pocket  of  the  three 
enzymes.  The  size  of  the  pocket  and  the  nature  of  the  amino 
acids  that  define  this  pocket  confer  the  specificity  of  the 
individual  enzymes.  Both  the  classes  have  a similar  active 
site  geometry,  although  they  differ  in  the  overall  amino  acid 
sequences . 

Among  the  bacterial  serine  proteinases,  subtilisin  has 
been  extensively  studied.  To  provide  a background  for 
studies  to  be  described  in  chapters  3,  4 and  5,  I will 
briefly  summarize  some  related  work  on  this  enzyme.  Protein 
n used  with  the  cloned  subtilisin  gene  by 
reate  an  enzyme  with  greater  oxidative 
t al.,  1985),  to  determine  the  role  of 
n the  stabilization  of 
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various  groups  to  c 
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(Bryan  et  al.,  1986),  to  introduce  a disulfide  b 
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activity  profile  of  the 
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suggested  that  there  are  two  types  of  interactic 
in  enzymatic  specificity,  namely,  the  hydrogen  1 


the  pH 
subtilisin 


subtilisin  309  was  replaced  with  seven  different  amino  acids 


(Bech  et  al.,  1992).  Steric.  hydrophobic  and  electrostatic 


in  kcat/Km  values  toward  a Pj  aspartate  substrate  in 
comparison  to  the  wild  type  enzyme.  This  result  was  proposed 
to  take  place  due  to  a substrate  induced  conformational 
change  so  that  the  arginine  side  chain  in  the  enzyme  can  make 
a productive  interaction  with  the  aspartate  side  chain  in  the 
substrate.  This  was  in  agreement  with  the  mobility  shift  of 
the  tyrosine  residue  in  subtilisin  BPN'  (Takeuchi  et  al., 

Vall04Tyr  and  Vall04Phe  mutants  revealed  identical 
preferences.  The  Vall04Tyr  mutant  showed  improved  binding 
toward  peptides  with  hydrophobic  residues  in  the  Pj  position. 
No  change  was  observed  with  hydrophilic  substitutions  of  the 
substrate.  Based  on  these  observations  the  authors  concluded 
that  the  S4/P4  interactions  have  a profound  influence  on  the 
catalytic  activity  of  the  enzyme.  However,  this  was  not  only 
due  to  the  amino  acid  occupying  position  104.  It  was 

the  S4  pocket  that  are  involved  in  the  binding  of  the  P4 


cible  S4 


region.  The  significance  of  the  nonbulky  residues  in  Che  Si 


pocket  were  proposed  to  reduce  steric  hindrance  and  allow  the 
larger  hydrophobic  residues  to  bind  productively. 


interactions  involved  in  the  specific  subsites  important  in 
enzymatic  catalysis.  Similar  studies  have  been  carried  out 
with  the  mammalian  serine  proteinases  which  will  not  be 
discussed  here  (Craik  et  al.,  1985.  1987;  Corey  and  Craik. 


1992;  Perona  et  al.,  1993). 


The  cysteine  proteinases  are  a group  of  enzymes  which 
depend  on  a thiol  group  of  a cysteine  residue  for  catalytic 


activity. 


Barrett  and  McDonald.  1980;  Barrett  and  Kirschke,  1981) . The 


plant  enzyme,  papain.  The  three-dimensional  structure  of 
papain  has  been  solved  to  high  resolution  (Kamphuis  et  al . . 
1984.  1985).  The  active  site  consists  of  a catalytic  triad 
of  Cys,  His  and  Asp,  and  catalysis  proceeds  via  a thiol  estei 


ilytic 


The  nature  of  the  residue  at  the  P2  position  of  the 
substrate  has  been  shown  to  be  significant  in  defining  the 
specificity  of  the  enzyme  papain.  The  S2  subsite  has  a 
preference  for  bulky  nonpolar  side  chains,  such  as 
phenylalanine  or  tyrosine,  at  the  P2  position  (Berger  and 
Schechter,  1970) . The  specificity  of  the  mammalian  cysteine 
proteinase,  cathepsin  B,  is  different  from  that  of  papain. 
Cathepsin  B tolerates  positively  charged  residues  in  the  P2 
position  (Barrett  and  Kirschke,  1981) . This  is  due  to  the 
presence  of  a glutamate  residue  in  cathepsin  B replacing  a 
serine  residue  in  papain  (Khouri  et  al.,  1991).  Khouri  et 
al.  used  site-directed  mutagenesis  as  a tool  to  alter  the  S2 
subsite  specificity  of  papain  to  that  of  the  mammalian 
cathepsin  B.  Based  on  the  sequence  alignments  and  the  three- 
dimensional  structure  of  papain  (Kamphuis  et  al.,  1964),  two 
residues  Vall33  and  Ser205  in  the  S2  subsite  of  papain  were 
replaced  with  Alal33  and  Glu205.  The  mutant  enzyme 
(Vall33Ala/Ser205Glu)  exhibited  increased  cleavage  of 
peptides  containing  an  arginine  in  the  P2  position  by  a 
factor  of  22.  These  results  confirmed  the  interaction  of  the 
glutamate  residue  in  the  S2  subsite  of  cathepsin  B and  the  P2 
arginine  residue  in  the  peptide  substrate.  The  mutations 
produced  changes  that  were  designed  to  introduce  cathepsin  B- 
like  specificity  into  papain. 

Studies  establishing  the  role  of  Aspl58  and  the  hydrogen 
bonding  interactions  involving  the  side  chain  of  Aspl58  in 
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Che  catalytic  mechanism  of  papain  have  also  been  carried 
(Menard  et  al.  1990;  1991) . 


rboxypeptidase  A and  B which  have  similar  structure  and 


active  sites.  Carboxypeptidase  A is  well  characterized 


histidine  residue.  Among  the  metallo  endopeptidases 
thermolysin  is  a classic  example.  The  active  site  geometr 
of  thermolysin  is  closely  related  to  the  metallo- 
carboxypeptidases . 

The  matrix  metalloproteinases  (MMPs)  play  an  importan 
role  in  physiological  and  pathophysiological  roles  in  matr 
degradation  (Lyons  et  al.,  1991;  Woessner,  1991).  All  MMP 
are  made  up  of  three  domains,  namely,  the  N-terminal  doma 
the  C-terminal  domain  and  the  catalytic  domain.  The  huraa 
MMPs  are  made  up  of  eight  different  enzymes  divided  into 


classes.  The  first  class  includes  the  fibroblast  type 
(Stricklin  et  al.,  1977;  Goldberg  et  al..  1986),  the 


collagenases  (Hasty  et  al.,  1990;  Mallya  et  al..  1990; 


Mookhtiar  and  van  Wart,  1990).  The  second  category  is  the 
gelatinases  or  the  type- IV  collagenases  (Salo  et  al.,  1985). 
The  third  category  has  the  same  domain  as  the  interstitial 
collagenases  but  does  not  exhibit  collagenase  activity.  The 
fourth  class  is  known  as  the  matrilysins  (Muller  et  al., 

1988) . The  N-terminal  domain  of  all  MMPs  are  well  conserved. 
The  carboxy  domain  is  highly  variable.  The  substrate 
specificity  is  controlled  by  both  the  domains. 

Protein  engineering  approach  has  not  been  exploited  to 
detail  the  molecular  interactions  in  the  specific  subsites  of 
metallo  proteinases  conferring  enzymatic  specificity. 


The  aspartic  proteinase  family  of  enzymes  functions  in  a 
wide  variety  of  physiological  and  pathophysiological 
processes.  Aspartic  proteinases  are  produced  in  the  human 
body  by  a variety  of  cells,  some  of  these  proteins  are 
secreted  and  exert  their  effects  in  the  extracellular  spaces, 
examples  of  which  are  pepsin,  gastricsin  and  renin. 

Cathepsin  D and  cathepsin  E,  on  the  other  hand,  are 
intracellular  enzymes.  The  aspartic  proteinases  are  of 
considerable  importance  in  the  control  of  various  biological 
processes  in  mammalian  systems.  Renin,  produced  in  the 
kidneys,  catalyzes  the  conversion  of  angiotensinogen  to 
angiotensin  I,  which  is  a precursor  of  angiotensin  II,  a 
major  factor  in  the  control  of  blood  pressure  (Greenlee, 
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1987).  Cathepsin  D,  a lysosomal  enzyme,  which  functions  in 
the  intracellular  degradation  of  proteins,  may  be  involved  in 
the  activation  of  proenzymes  or  prohormones  and  also  has  been 
shown  to  be  involved  in  breast  tumor  invasiveness  (Pillai  and 
Zull,  1986;  Brouillet  et  al.,  1990).  The  least  characterized 
of  the  aspartic  proteinases  is  cathepsin  E.  It  is  an 
intracellular  enzyme  located  in  a variety  of  cells  and 
tissues  in  the  human  body  such  as  the  gastrointestinal  tract, 
urinary  organs  and  lymphoid  tissue  (Sakai  et  al.,  1989; 
Yamamoto  et  al . . 1991 ) . The  physiological  function  of  this 
enzyme  is  still  nebulous.  However,  Lees  et  al.(1990)  have 
shown  that  cathepsin  E is  responsible  for  the  conversion  of 
big  endothelin  to  endothelin,  which  is  a vasoconstrictor  more 
potent  than  angiotensin  II.  Pepsin  and  gastricsin  are  two 
aspartic  proteinases  found  in  the  gastric  mucosa.  Upon 
secretion,  into  the  lumen  of  the  stomach,  they  play  an 
important  role  in  the  digestion  of  proteins.  Recently, 
interest  has  increased  in  this  family  of  enzymes  due  to  the 
discovery  of  the  HIV  proteinase  which  has  the  signature 
sequence  of  Asp-Thr-Gly  in  the  active  site  common  to  all 
aspartic  proteinases.  This  protein  catalyzes  the  cleavage  of 
the  gag-pol  translation  product  critical  in  the  continuation 
of  the  life  cycle  of  the  virus  (Graves.  1991) . 


general  Characteristics 

peps tat in,  an  acetylated  pentapeptide  isolated  from 
Streptowyces  (Umezawa  et  al.,  1970).  There  is  a high  degree 

of  this  family  (see  Figure  1-1,  Table  1-1) . The  bilobal 


superimposable  with  minor  variations. 

digestive  system  and  has  been  implicated  in  the 
manifestations  of  gastric  ulcers  (Walker  and  Taylor,  1980; 
Pearson  et  al. , 1986) . The  active  site  of  pepsin,  and  all 

of  distinct  subsites,  Ss  -S3'  (Schechter  and  Berger,  1967). 


spanning  into  alternating  subsites  which  flank  the  catalytic 


extended  p-strand  conformation.  The  side  chains  are  shown 
extending  into  alternating  subsite  pockets  which  flank  the 
catalytic  site,  shown  in  red  are  the  two  catalytic 
aspartates  (Asp32  and  Asp215) . 


generate  mature  pepsin  (He 


of  residues  1-175  and  a C-terminal  domain  with  residues  176- 
326  (Andreeva  et  al..  1983). 


1990). 


jf  the 


that  could 


ally  fit  it 


There  is  also  a preference  for  large  hydrophobic 
aromatic  residues  on  either  side  of  the  scissile  bond  of 
aspartic  proteinases  (Dunn,  1992) . Using  this  binding  mode, 
a series  of  chromogenic  octapeptide  substrates  were 
synthesized  and  tested  with  a wide  variety  of  aspartic 
proteinases  of  animal  and  microbial  origin.  Results  from 
these  studies  reflected  the  hydrophobic  character  of  the  S3 
subsite  among  the  mammalian  enzymes  (Dunn  et  al.,  1966). 

Following  these  studies,  cleavage  of  a variety  of 
peptides  tested  with  three  members  of  the  family  was  examined 
over  a range  of  pH  values  (Dunn  et  al..  1987).  The  changes 
in  kinetic  parameters  as  a function  of  pH  revealed 
information  about  the  ionization  of  functional  groups  in  the 
ES  (enzyme-substrate)  complex,  free  enzyme  or  free  substrate. 
This  study  provided  evidence  for  strong  and  specific  hydrogen 
bonding  interactions  in  the  S2  and  S3  subsites  of  porcine 

Following  these  observations,  the  cation  binding 
specificity  in  the  subsites  of  porcine  pepsin  was  examined 
using  octa-  and  undeca-peptide  substrates.  Lysine  and 
arginine  were  placed  in  seven  different  positions  and  the  pH 
dependent  effects  on  the  kinetic  parameters  were  studied 
(Pohl  and  Dunn,  1988 ) . Two  hypotheses  were  put  forward  to 
explain  the  pH  dependent  increase  in  the  values  of 

these  positively  charged  peptides.  They  were  as  follows:  1) 
specific  electrostatic  interactions  exist  in  the  active  site 
cleft  involving  ion  pairs  between  an  enzyme  and  a ligand;  and 


2)  ligand  binding  is  directed  by  general  electrostatic 
interactions  between  the  positive  charges  on  the  substr 


and  the  negative  charges  present  on  the  surface  of  the 
protein  which  are  predominant  in  porcine  pepsin.  This  type 
of  interaction  was  referred  to  as  “non-specific  electrostatic 
binding.”  Inspection  of  the  crystal  structure  of  porcine 
pepsin  suggested  that  the  residues  that  may  be  involved  in 
the  specific  electrostatic  interactions  were  Glul3  in  the  S3 
subsite  and  Glu287  in  the  S2  subsite  (see  Figure  1-4). 

Kuzmic  et  al.  (1991)  continued  the  above  work  to 
differentiate  between  the  two  hypotheses.  They  utilized 
positively  charged  statine-based  pepsin  inhibitors  to  carry 
out  their  study,  at  increasing  pH  values.  Based  on  their 
results  they  proposed  that  hydrophobic  attractions  rather 
than  electrostatic  forces  were  predominant  in  the  S2  and  S3 
subsites  because  all  the  charged  inhibitors  used  in  the  study 
bound  weakly  compared  to  their  neutral  analogues.  They  also 
suggested  that  the  trend  observed  in  Pohl's  work  (i.e. 
increase  in  kcot/Km  with  increasing  pH  for  polycationic 
substrates)  was  due  to  nonspecific  binding.  Kuzmic  et  al. 
(1991)  in  their  studies  with  the  positively  charged 
inhibitors  revealed  nonspecific  binding  which  was  dependent 
on  the  charges  on  the  enzyme  and  the  ligand  and  on  the  ionic 
strength  of  the  medium. 


Figure  1-4.  A top  view  of  the  active  site  of  porcine  pepsin 
(blue)  complexed  with  the  Abbott  inhibitor  A63218  (yellow) 
(Abad-zapatero  et  al.,  1991).  Shown  in  red  are  the  two 
catalytic  aspartates  (Asp  32  and  Asp215) . Also  shown  in  red 
are  the  two  residues  Glul3  in  the  S3  subsite  and  Glu287  in 
the  Sg  subsite  of  the  enzyme  proposed  to  be  involved  in 
specific  and/or  general  electrostatic  interactions. 


located 
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(Asp32Ala)  did  not  cleave  pepsinogen  to  mature  pepsin. 
Chymosin,  a mammalian  aspartic  proteinase  used  in  the  cheese 
industry,  has  been  a model  enzyme  for  mutagenesis  studies. 
Strop  et  al.  (1990)  combined  site-directed  mutagenesis  and  X- 
ray  crystallography  to  evaluate  the  role  of  Vallll  in 
chymosin  which  borders  the  Si  and  S3  subsites.  Changing  the 
valine  to  phenylalanine  (present  in  porcine  pepsin)  changed 
the  size  of  the  Si  and  S3  subsites  which  made  large  residues 
in  the  Pi  position  of  the  substrate  less  acceptable  to  the 
mutated  enzyme.  A similar  enzyme  has  been  found  in  fungal 
strains  and  is  called  Mu  cor  rennin.  Aikawa  et  al.  (1991) 
used  site-directed  mutagenesis  in  Mucor  rennin  as  a tool  to 
understand  the  role  of  Tyr75,  a residue  that  is  conserved 
among  all  aspartic  proteinases.  The  results  from  the 
Tyr75Phe  mutation  indicated  that  Tyr75  may  be  involved  in 
both  substrate  binding  and  catalysis. 

The  combination  of  a kinetic  approach  using  synthetic 
substrates  and  inhibitors.  X-ray  crystallography  and  site- 
directed  mutagenesis  will  be  an  excellent  system  to 
understand  these  specific  interactions  taking  place  in  the  S2 
and  S3  subsites  in  the  active  site  cleft  of  porcine  pepsin. 

The  present  work  outlines  detailed  kinetic  studies 
designed  to  explore  potential  interactions  in  the  active  site 
cleft  of  porcine  pepsin  using  chromogenic  octapeptide 
substrates  with  two  bulky  aromatic  residues  Phe  and  Nph  in 
the  Pj  and  P1 ' positions,  respectively  (Schechter  and  Berger, 


acids  in  Che  P5-P3  ■ positions  were  used  to  probe  the  specific 
interactions  such  as  hydrophobic  attractions,  van  der  Waals 
forces,  hydrogen  bonding  and  electrostatic  interactions 
taking  place  in  the  individual  binding  pockets  leading  to 
catalysis. 

in  order  to  evaluate  the  roles  of  two  residues,  Glul3  in 
the  S3  subsite  and  Glu287  in  the  S2  subsite  of  the  active  site 
cleft  of  porcine  pepsin,  site  directed  mutagenesis  was  used 
to  generate  mutants  at  Glul3  and  Glu287  positions.  These 
mutants  were  expressed,  purified  to  homogeneity  and 
characterised.  pH  dependence  studies  were  carried  out  with 
the  wild  type  as  well  as  the  mutant  enzymes  using  synthetic 
substrates  and  inhibitors  to  validate  the  hypothesis.  These 
studies  have  enabled  us  to  understand  specific  molecular 
interactions  taking  place  in  the  S3  and  the  S2  pockets  of  the 
enzyme  and  to  evaluate  the  role  of  Glul3  in  the  interaction 
with  the  substrate  at  different  pH  values.  It  has  also  given 
us  information  into  the  role  of  Glu287  in  the  S2  subsite  of 
porcine  pepsin  in  enzymatic  specificity. 


METHODS 


CHAPTER 
MATERIALS  AND 


Introductii 


utilizing  chromogenic  octapeptide  substrates,  to  be  expl 

specificity.  Based  on  the  three-dimensional  crystal 
structure  (Abad-Zapatero  et  al.,  1991)  residues  were  chos 


This  chapter  describes  1)  the  cloning  and  mutagenes 


bodies,  3)  solubilization  and  refolding  to  produce  matur- 


Oklahoma  City,  Oklahoma.  Synthe 


oligc 


erdisciplinary 


synthesized  by  the  Protein  Chemistry  Core  Facility, 
university  of  Florida,  using  an  Applied  Biosystems  Peptide 
430A  synthesizer.  All  the  peptides  were  verified  for  purity 
(290%)  utilizing  reverse  phase  HPLC.  Quantitation  of  the 
concentration  of  the  stock  solutions  of  the  peptides  was 


performed  by  the  Protein  Chemistry  Core  Facility  with  the  use 
of  a Beckman  System  6300  High  Performance  Amino  Acid 


out  by  the  Protein  chemistry  Core  Facility  with  Applied 
Biosystems  470A  and  473A  Protein  Sequencers.  All  recipes  to 
make  media  were  from  Molecular  Cloning:  A Laboratory  Manual 
(Maniatis  et  al.,  1982). 


of  PI. 


lid. 


LB  media  (950  ml  of  distilled 


jm  of 


5 gm  of  bac 


pH  adji 


sterilized)  was  inoculated  with  a single  colony  of  E.  coli 
HMS174  cells  harboring  the  recombinant  pET-3b  plasmid  with 


Briefly,  the  5 ml  culture  was  pelleted  into  a 1.5  ml  sterile 


A)  and  vortexed.  To  this  was  added  200  111  of  cell  Lysis 
solution  (0.2  M NaOH.  1%  SDS)  and  mixed  gently  by  inverting 
the  tubes  several  times  until  the  solution  appeared  clear. 


solution  (2.55  M potassium  acetate,  pH  4.8)  followed  by 

subjected  to  centrifugation  at  12,000  rpm  (11,000  x g)  for  10 


pushed  out  gently.  The  mini-column  was  washed  with  3 ml  of 
column  wash  solution  (200  mM  Tris-HCl,  pH  7.5,  5 mM  EDTA,  50* 
ethanol) . The  column  was  removed  from  the  syringe  and  fitted 


column  was  then  transferred  to  another  sterile  tube  and  the 
dna  was  eluted  with  50  |il  of  sterile  water  pre-heated  to 
70°C . The  purified  DNA  was  stored  at  -20°C  for  further  use. 


Mutaaenesii 


introduced  at  the  3'  end  of  the  Glul3  codon  (70  base  pairs  3' 
of  the  Glul3  codon)  in  the  pepsinogen  gene.  The  purpose  of 

verification  of  the  Glul3  mutants.  The  oligonucleotides 
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For  the  Glu287  mutants,  in  addition  to  the  codon  change 
at  position  287,  a unique  restriction  site  (Spe  I)  was 

position  287  and  the  additional  codon  change  for 
restriction  site  are  listed  below  in  Table  2-3. 


The  plasmid  map  of  the  pET-3b  with  the  pepsinogen  insert 


Mutagenesis  was  carried  out  using  a modified  version  of 
the  overlap  extension  method  of  site  directed  mutagenesis  by 


First  PCR  Reaction 

To  the  first  tube  was  added  0.5  pi  of  plasmid  DMA 
(approximately  2 nanograms) , 1 pi  primer  a (100  pM  stock 
solution) . 1 pi  primer  b (100  pM  stock  solution) . 5 pi  of  10X 
Vent  polymerase  buffer  (100  n>M  KC1,  200  mM  Tris-HCl.  pH  8.8, 


X-100),  0.5  |ll  of  20  mM  dNTPs,  0.5  |ll  of  100X  acetylated  BSA, 
40.7  |11  of  sterile  water  and  1 |ll  of  Vent  polymerase 


heated  at  94°C  for  30  seconds  to  denature  the  DNA  template. 


loaded  on  a 3%  Nu-Sieve  low  melt  GTG-Agarose  gel  (FMC 


Volts  until  the  dye  front  was  1 cm  from  the  bottom  of  the 


the  Magic 


pushed  out  gently.  The  mini-column  was  washed  with  3 ml  of 
column  wash  solution  (200  mM  NaCl,  20  mM  Tris-HCl.  pH  7.5,  5 


syringe  and  fitted  into  another  sterile  microfuge  tube  and 
the  DNA  was  eluted  with  50  |ll  of  sterile  water.  The  purified 


follows: 


product  cd  of  the  first  PCR  reaction,  1 |il  primer  a (100  HM 
stock  solution) . 1 |il  primer  d (100  |M  stock  solution) , 5 Hi 
of  10X  Vent  polymerase  buffer,  0.5  |ll  of  20  mM  dNTPs,  0.5  |il 
of  100X  acetylated  BSA,  32.0  )»1  of  sterile  water  and  0.5  |ll 
of  Vent  polymerase.  The  tube  was  subjected  to  identical  PCR 
conditions  as  the  first  PCR  reaction.  The  products  were 


sthidii 
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Alkaline  phosphatase  catalyses  the  removal  oC  5' 
phosphate  group  from  DNA,  RNA  and  ribo-  and  deoxy- 


Arrows  represent  the  5 ' 


MUTANT  PRODUCT 


>1.,  1982). 


decreases  the  v 


To  a sterile  microfuge  tube  was  added  approximately  400 
nanograms  of  plasmid  DNA  (45  )tl) , 5 |ll  of  NEB  buffer  2 and  1 
111  of  CIP  (1  unit/|ll) . The  tube  was  incubated  for  50°C  for  1 
hour.  This  was  followed  by  the  addition  of  0.5  |ll  of  0.5M 
EDTA  and  incubation  at  75°C  for  15  minutes.  Greater  than  95% 


reated  plasmid 


(12 


Ill)  of  PCR  produc 
Tris-HCl,  pH  7.8, 
mH  ATP) , 1 |ll  20 


DNA  ligase  buffer  (500  mM 
esium  chloride,  100  mM  DTT,  10 
|il  T4  DNA  ligase  (400 


unies/nl) . 

In  tube  2 approximately  40  nanograms  (4  |il)  of  CIP- 
treated  plasmid  was  added  to  12  |il  of  sterile  distilled 
water.  2 |ll  of  T4  DNA  ligase  buffer  (500  mM  Tris-HCl,  pH  7.8, 


ATP  and  1 |ll  T4  DNA  ligase  (400  units/|ll>  • 

In  tube  3 approximately  40  nanograms  (4  |il)  of  CIP- 
treated  plasmid  was  added  to  16  |ll  of  sterile  distilled 


Tubes  2 and  3 were  control  tubes  to  confirm  the 
efficiency  of  CIP  treatment  and  the  presence  of  uncut 


Er.sparati.OD-Qi-Camgat.ent  Cells 

Sixty  milliliters  of  LB  media  was  inoculated  with  a 
single  colony  of  E.  coli  HMS174  cells.  Cells  were  grown 
exponentially  to  an  ODsoo  of  0.5.  At  this  point,  the  cells 
were  spun  at  5000  rpm  (3,500  x g)  for  10  minutes.  The 


10  ml  of  cold  0.1  M calcium  chloride.  The  cells  were 


followed  by 


SOOO  rpm 


chloride.  AC  this  point  the  cells  were  ready  for 
transformation  (Maniatis  et  al.,  1982). 

Transformation 


Ten  microliters  of  the  ligation  reaction  was  gently 
mixed  with  0.2  ml  of  E.  coli  HMS174  cells.  The  tubes  were 


hundred  microliters  of  SOC  media  (95  ml  distilled  deionized 

50  gm  Had.  1 ml  of  250  mM  KC1.  pH  adjusted  to  7.0  with  IN 

mM  MgCl2  and  2 ml  of  sterile  1 M glucose)  was  added  to  each 
tube  and  incubated  at  37°C  for  45  minutes  with  gentle 


of  ampicil 


et  al.,  1977).  Sequencing  was  carried  out  using  standard 
protocols  supplied  by  the  United  states  Biochemical 
Corporation  (USBC) . Sequencing  primers  were  synthesized 
close  to  the  mutagenesis  sites. 

The  sequence  of  the  primers  used  for  sequencing  the  Glu 
13  mutants  and  the  Glu287  mutants  are  listed  below  in  Table 


Approximately  5 pg  of  plasmid  DNA  (10  (ill  was  denatured 
using  10  |ll  sterile  distilled  water  and  2 |Ll  of  freshly  made 
2H  NaOH/2  mH  EDTA.  The  tubes  were  incubated  at  37°C  for  30 
minutes.  The  reaction  was  neutralized  by  the  addition  of  2 
|il  of  2M  ammonium  acetate  pH  4.6.  Denatured  DNA  was 
precipitated  with  75  |ll  of  cold  absolute  ethanol.  The  tubes 
were  kept  at  -10°C  for  2 hours,  followed  by  centrifugation  at 

discarded  and  the  DNA  pellet  was  rinsed  with  100  |ll  of  75% 
cold  ethanol.  Centrifugation  was  repeated,  supernatants 
discarded  carefully  and  the  tubes  were  dried  in  the  37°c 

The  Sequenase  Version  2.0  Kit  (USBC)  was  used  for 
sequencing.  All  the  buffers  and  solutions  were  supplied  in 
the  kit.  To  the  dried  DNA  pellet  was  added  7 |ll  of  sterile 
distilled  water  and  2 Hi  of  Sequenase  reaction  buffer  (200  mM 
Tris-HCl,  pH  7.5,  100  mM  MgCl2,  250  mM  NaCl)  and  1 |il  of  the 


solution  containing  15%  (v/v)  glacial  acetic  acid,  15%  (v/v) 
absolute  ethanol  and  70%  water.  The  gel  was  then  transferred 


to  a 3M  paper  and  covered  with  a plastic  wrap.  The  gel  was 
dried  at  80°C  for  1 hour  on  a gel  drying  apparatus  (Bio-Rad) . 


film  for  48  hours  at  room  temperature.  The  DNA  sequence  was 
manually  read  and  the  codon  changes  for  mutagenesis  were 


in  order  to  express  the  Glul3  and  Glu287  mutants,  the 
pET-3b  plasmid  containing  the  mutant  pepsinogen  gene  was 
transformed  to  an  expression  cell  line  E.  coli  BL21-DE3 . 
Competent  cells  were  made  and  transformation  carried  out  as 

plating  the  transformed  cells  on  LB  plates  containing  50 
Hg/ml  ampicillin.  A single  colony  from  these  plates  was  used 
100  ml  of  M9CA  media  (787  ml  of  distilled 


jf  10X 


jf  distilled 


polyacryle 


amide  gels.  Procedures  for  casting  of  gels  was 
according  to  the  standard  Bio-Rad  protocols.  After 


using  the  following  modified  procedures  (Schagger  and  vo 


Jagow,  1987): 

be  soluble  in  acids.  The  gel  was  fixed  for  30  minutes  i 


of  0.15%  Coommassie  R-250  (Bio-Rad),  30%  ethanol.  10%  gl- 
acetic  acid,  60%  water  and  0.06%  CuSOi . 

pestainino.  The  gel  was  destained  in  a solution 
containing  15%  ethanol,  5%  glacial  acetic  acid  and  80%  w 
until  the  background  of  the  gel  was  clear.  The  expressi- 


To  the  pelleted  cells  was  added  4.2  ml  of  TN  buffer 
mM  Tris-HCl,  pH  7.4,  150  mM  NaCl  and  1 mM  MgCl2>  per  gram 
cells.  This  was  followed  by  the  addition  of  80  Kunits  o 
DNAse  (stock  60  Kunits/ml)  per  ml  of  cell  suspension. 


subjected 


cells. 


lysed 


sfully 


8500  rpm  (11,300  x g)  in  a swinging  bucket  rotor  for  30 
minutes.  The  pellets  were  resuspended  in  10  ml  of  TH  buffer 


10  ml  27*  sucrose  cushion  in  a pre-weighed  30  ml  corex  tube 


denaturation,  reduction  and  dialysis.  The  purified  inclusion 
CAPS  pH  10.5,  1 mM  EDTA,  1 mM  glycine,  500  mM  NaCl  and  300  mM 


precipitates.  The  supernatant  was  dialyzed  in  a SpectaPor  1 
(MWCO  6-8  kDa)  membrane  against  five  times  the  original 


changed  to  50 


with  low  protein  binding  PLTK  10.000  MWCO  (molecular  weight 
cutoff)  membrane  plates. 


45.000  x g to  remove  precipitates  before  loading  the  protein 
solution  onto  a 2.5  cm  x 90  cm  Sephacryl  S300  gel  filtration 
column  equilibrated  with  20  mM  MOPS  pH  7.0  containing  300  mM 


using  an  Amicon  CentipreplO  unit.  The  purified  zymogen  was 


in  the  activation  of  the  native,  Glul3Ala  and  Glul3Gln 

to  give  a final  concentration  0.1  M,  then  held  for  3 hours  at 
. The  Glu287Met , Glu287Gln  and  Glul3Gln/Glu287Met  double 


37“C. 


mutants  were  activated  with  0.1  M sodium  formate  buffer, 
37°C,  pH  3.5,  for  24  hours. 

stopped  at  different  time  intervals  by  the  addition  of 

(60  mH  Tris-HCl,  pH  6.8,  50  mM  0-mercaptoethanol ) . The 
samples  were  then  acetone  precipitated  and  the  proteins  were 

Coomassie  Blue  as  described  earlier  in  this  chapter. 

Aliquots  of  active  enzyme  were  stored  at  -20°C  until 
purification  on  an  ion-exchange  column. 


The  activated  fractions  were  directly  injected  onto  a 
Pharmacia  Mono  Q (anion  exchange)  column  equilibrated  with  20 


gradient  to  50%  20  mM  MBS  pH  6.0  with  2M  NaCl  at  1 ml/min 


Phe*Nph-Arg-Leu . Fractions  with  the  highest  activity  were 
pooled  and  stored  in  100  |il  aliqouts  at  -20°C. 


cartridge  which  uses  a ProBlott™  PVDF  membrane  attached  to  an 

enables  the  concentration  of  the  protein  with  the  removal  of 
buffers,  salts  or  detergents.  The  cartridge  was  spun  at  5600 
X g for  4-6  hours  and  PVDF  membrane  containing  the  protein 

Facility  for  N-terminal  sequencing. 

Spectrophotometric  Analyses 

substrate  Cleavage.  Stock  peptide  solutions  were  made 

(Beckman  System  6300  High  Performance  Amino  Acid  Analyzer) . 

The  enzyme-catalyzed  hydrolyses  of  the  substrates  were 
monitored  at  37°C,  pH  3.5.  in  a 0.1  M sodium  formate  buffer 

324  nm  using  a Hewlett  Packard  Diode  Array  Spectrophotometer. 


the  buffer  and  the  enzyme  were  prewarmed  for  3 minutes  at 
37°C.  At  the  end  of  the  preincubation.  6 different 
concentrations  of  the  substrate  were  added  and  the  absorbance 
was  monitored  using  a multi-cell  transporter  (Scarborough  and 
Dunn,  1994) . The  K„  and  values  were  determined  from  the 

v V-.*(S1 
K.+[SJ 


cleavage  of  the  peptides  was  also  monitored  by  hplc  followed 
by  sequence  determination  of  the  respective  peaks  to  ensure 
the  correct  site  of  cleavage  (Phe’Nph)  by  the  enzyme.  The  pH 
dependence  studies  were  carried  out  using  the  same  procedure 
with  formate/NaCl,  acetate/NaCl  or  MES/NaCl  (I  » 0.1  M)  at  pH 


values  ranging  from  3 to  6. 


Active  site  titration.  The  inhibitor  stock  solutions 

quantified  by  amino  acid  analysis.  The  amount  of  active 

inhibition  of  porcine  pepsin  by  a potent  Eli  Lilly  inhibitor 
LP-130  (Ki  = 0.5  ± 0.05  nM) . The  resulting  curve  was  fitted 


(Henderson,  1972). 


Vm(AU/sec) 
“ AA/[S]*[E] 


(1975) . 


ilated 
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nKa  determination.  The  pKa  values  were  calcu 
plots  of  log  W/Km  vs.  pH  in  the  Enzfitter  program  which 
uses  the  following  equation  to  calculate  pKn : 

■c  X(^)>X(_.).10'>11-’*-’ 

1+10""-'*-1 


where  X = W/Km.  x(mln) 


of  lower  and 


CHAPTER  3 

SUBSTRATE  SPECIFICITY  REQUIREMENTS  OF  PORCINE  PEPSIN: 
ANALYSES  USING  CHROMOGENIC  OCTAPEPTIDE  SUBSTRATES  WITH 
SYSTEMATIC  SUBSTITUTIONS  IN  THE  P5-P3'  POSITIONS 


cle£t  of  porcine  pepsin  using  chromogenic  octapeptide 
substrates  wich  two  bulky  aromatic  residues  Phe  and  Nph  in 

1967;  Fruton.  1970;  Dunn,  1992) . Eventhough  all  the  members 
of  the  aspartic  proteinase  family  of  enzymes  are  structurally 
similar,  they  are  functionally  distinct  as  discussed  in 
Chapter  1.  These  subtle  distinctions  arise  due  to  the 
specific  interactions  between  the  solvent  exposed  amino  acid 
residues  that  define  the  individual  binding  pockets  and  the 
side  chains  of  the  amino  acids  of  the  peptide  that  binds  to 
the  active  site.  These  specific  interactions  confer  the 
efficiency  of  proteolysis  and  the  the  subtle  distinctions  in 


jch  as  hydrophobic 


Sividual 


Kinetic  Analysis 

Table  3-1  lists  the  kinetic  parameters  of  the  substrates 
of  the  form  X.ys(Ps)-Pro(P4)-Ala(P3)-Lys(Pj)-Phe(Pl)*Nph(P1')- 
Arg(Pj')-l.eu{P3')  with  systematic  substitutions  based  on 

position  flanking  the  scissile  bond  (Phe'Nph) . 

All  the  peptides  were  cleaved  by  porcine  pepsin  at 
measurable  rates  at  pH  3.5,  with  the  notable  exception  of  the 


lysine  (0.8  pM-l 


residues  exhibited  a 3-fold  preference  in  comparison  with  the 
hydrogen  bonding  serine  (0.2  pM'is"1)  . 

The  S4  subsite  had  a preference  for  the  proline  residue 
in  the  control  peptide  (0.8  followed  by  the  alanine 

(0.3  HM-is-1) . Powers  et  al.  (1977)  in  a survey  of  cleavage 
junctions  of  pepsin  specificity  determined  that  proline  was 
optimal  only  in  the  P4  and  P3  positions. 

This  effect  of  proline  substitution  may  be  due  to  the 
restricted  conformation  of  the  peptide,  thus  aligning  the 
peptide  in  a productive  interaction. 

Turning  the  focus  to  the  S3  subsite,  the  alanine  in  the 
control  peptide  (0.8  pM^s'1)  was  the  most  productive  in 
agreement  with  earlier  reports  (Dunn  et  al..  1986)  with  the 
highest  kcat/KIll  values,  followed  by  leucine  (0.6  pM'is*1) . 

The  serine  (0.2  lIM'is”1)  and  aspartate  (0.2  pM-is*1) 
substitutions  were  4 -fold  less  acceptable  than  the  control 
peptide. 

The  exceptional  case  was  the  poor  cleavage  of  the 
substrate  with  an  arginine  residue  in  the  P3  position  at  the 
assay  pH  of  3.5.  An  inspection  of  the  crystal  structure  of 
pepsin  complexed  with  an  inhibitor  (A63218)  (Abad-zapatero  et 
al.,  1991)  revealed  that  the  prominent  interactions  taking 
place  in  the  S3  subsite  of  porcine  pepsin  are  hydrophobic 
owing  to  the  residues  Tyr75,  Thr77,  Phelll,  AlallS,  Proll6, 
Gly217,  and  Thr218.  The  hydrophobic  nature  of  the  pocket  can 
enhance  hydrophobic  interactions  with  alanine  and  leucine, 
leading  to  productive  binding.  Another  residue  within  the  S3 
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subsite  is  Glul3 . pH  dependence  studies  of  the  arginine 
containing  peptide  revealed  a 20-fold  increase  in  the  rate  of 
cleavage  with  a titratable  group  having,  on  average.  pK„  of 
4.2.  A candidate  for  this  group  was  the  Glul3  residue.  At  a 
pH  of  3.5,  the  glutamate  side  chain  has  hydrophobic  character 
ascribed  to  the  methylene  group  in  the  side  chain.  However, 
at  a higher  pH,  deprotonation  would  render  the  glutamic  acid 
side  chain  negatively  charged  and  it  could  participate  in 
electrostatic  interactions  with  the  positively  charged 
arginine  side  chain  of  the  substrate.  Detailed  pH  dependence 
studies  are  discussed  later  in  this  chapter. 

Turning  to  the  results  of  the  P2  substituents  in  Table 
3-1,  the  energy  contributed  by  the  binding  of  all  the 
substrates  are  comparable  with  each  other.  As  indicated  fcy 
the  kc«t/Km  values,  the  enzyme  subsite  seems  to  accommodate 
hydrophobic,  charged,  as  well  as  hydrogen  bonding  residues 
productively  (0.5  - 0.8  pM^s-1)  • Based  on  the  crystal 
structure  data,  the  S2  subsite  of  porcine  pepsin  is 
predominantly  hydrophobic.  A residue  which  borders  the  S2 
and  the  S4  subsite  is  Glu287  which  could  be  involved  in 
electrostatic  interactions  with  a positively  charged  residue. 
This  residue  is  variable  among  this  family  of  enzymes,  with 
Gin,  Met  and  Gly  occurring  in  various  enzymes.  The  pH 
dependent  changes  in  kinetic  parameters,  indicative  of 
electrostatic  interactions  owing  to  the  Glu287  residue,  in 
the  S2  subsite,  have  been  reported  earlier  (Pohl  and  Dunn, 
1988). 


optimally 


et  accepts  hydrophobic  residues  such  as 
exhibiting  the  highest  koat/K,,,  with  all  the 


substitutions  tested  (1.0  (W's'1) . Arginine,  serine  and 
alanine  exhibited  comparable  numbers  (0.5  - 0.6  HM"ls_1) . The 


least  acceptable  residue  was  the  negatively  charged  aspartate 


peptides  with  cathepsin  E,  another  member  of  this  family, 
presented  comparable  low  tolerance  of  aspartate  in  the  P2' 


position.  The  substitutions  were  not  particularly 
the  leucine  in  the  control  peptide. 


seen  with  the  charged  substituents.  This  suggests  that  the 
overall  charge  of  the  binding  cleft  can  influence  the 


indicated  that  the  most  effective  substrates  for  porcine 
pepsin  had  alanine  and  isoleucine  replacements  in  the  P3 


we  designed  chromogenic  ocCapeptide  substrates  of  the  form 
Lys-Pro-Ile-Glu-Phe.Nph-Arg-Leu  with  systematic  substitutions 
in  the  P2  position  shown  in  Table  3-2. 

As  evident  from  Table  3-2,  the  S2  subsite  accommodates 
hydrophobic  substitutions  readily  which  include  residues  such 
as  leucine,  alanine,  norleucine,  as  well  as  p-branched 
isoleucine  and  valine  (0.5  - 1.4  pM_1s_1 ) • 

The  negatively  charged  aspartate  also  fits  about  as  well 
with  kcaC/K„  values  approaching  the  control  peptide 
(0.9  |1M-Is-1> . These  observations  can  be  correlated  to  the 
crystal  structure  solved  by  Abad-Zapatero  et  al.  (1991). 

Based  on  the  three-dimensional  structure  one  can  see  a 
predominantly  hydrophobic  pocket  in  the  S2  subsite  consisting 
of  Thr77,  Thr218,  Met289  and  Ile300.  Another  residue  which 
borders  the  region  between  the  S2  and  the  S4  subsite  is 
Glu287,  which  potentially  could  be  involved  in  electrostatic 
interaction. 

The  peptide  containing  histidine  and  lysine 
substitutions  exhibited  relatively  low  kcaC/Kro  numbers.  An 
interesting  observation  was  the  acceptance  of  arginine 
substitution  (0.82  iiM'is-1)  to  a favorable  extent  as  opposed 
to  the  poor  acceptance  of  histidine  (0.24  and  lysine 

(0.2  pM-1s_1) . pH  dependence  studies  (Table  3-3)  were  carried 
out  with  both  the  peptides  with  arginine  and  lysine  in  the  P2 
position  to  see  whether  any  of  these  residues  had  any 
observable  control  over  the  speculated  deprotonation  of  the 
Glu287  residue  positioned  between  the  S2  and  S4  subsites. 
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proline  side  chain  leading  Co  unproductive  binding.  This  is 
et  al.  (1977) 


Che  S3  and  S2  subsices  specifically.  pH  dependence  studies 

have  a positively  charged  residue  in  either  the  P2.  Pj  or  both 
the  positions.  Peptide  6 was  used  as  a control  peptide  with 
no  positive  charges  in  both  the  P2  and  P3  position  of  the 

1.  Lys-Pro-Ala-Lys-Phe*Nph-Arg-Leu. 

2.  Lys-Pro-Arg-Lys-Phe*Nph-Arg-Leu. 

3 . Lys-Pro-Arg-Ala-Phe*Nph-Arg-Leu . 

4 . Lys-Pro-Ile-Lys-Phe'Nph-Arg-Leu 

5 . Lys-Pro-Ile-Arg-Phe*Nph-Arg-Leu 

6.  Lys-Pro-Ile-Ala-Phe-Nph-Arg-Leu 

The  result  is  schematically  represented  in  Figure  3-1 

for  the  peptide  2. 

of  kcat  or  kcat/K„  versus  pH  for  the  six  peptides  under 
study. 
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Figure  3-1.  pH  dependence  curve  of  Che  peptide 
Lys-Pro-Arg-I*ys-Phe*Nph-Arg-Leu  with  wild  type 
porcine  pepsin. 
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electrostatic  attraction  for  positively  charged  residues  in 
the  Pj  position  of  the  substrate  at  a higher  pH.  No 


titratable  response  was  observed  for  the  control  peptide  with 
an  alanine  in  the  P2  position  and  a isoleucine  in  the  P3 


The  S3  subsite  of  porcine  pepsin  is  defined  by  the 
residues  Tyr75,  Thr77,  Phelll,  Tyrll4,  Alall5,  Proll6, 
Gly217,  and  Thr218  (Abad-Zapatero  et  al.,  1991)  The 
hydrophobic  nature  of  the  pocket  can  enhance  hydrophobic 
interactions  with  the  ^-branched  bulky  isoleucine  and  the 
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slectrostatic 


factions  in  catalys 


CHAPTER  4 

ROLE  OP  GLU13  AND  GLU287  RESIDUES  IN  GENERAL/SPECIFIC 
ELECTROSTATIC  INTERACTIONS 


llts  of 
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subjected  to  gel  filtration  chromatography  to  obtain  purified 
pepsinogen.  The  fractions  containing  activity  were 


After  activation,  the  samples  were  further  purified 


profile  is  shown  in  Figure  4-4.  Fractions  with  the  highest 


activity  were  pooled  and  stored  at  -20°C  for  kinetic 


N-Terminal  Sequencing 


Leu-Ile-Gly-Asp — (20%). 


Fraction  number 


Figure  4-3.  Gel  filtration  chromatography 
elution  profile  of  Glul3Ala  mutant  enzyme 


Figure  4-4.  Anion  exchange  chromatography 


mature  form  (Ile-Gly-Asp ) . This  did  not  have  any  effect 

on  the  kinetic  parameters.  Data  to  support  this  conclusion 
are  presented  in  the  Table  4-1  where  the  native  and  the  wild 


peptides  of  the  form  Lys-Pro-Ala-Lys-Phe*Nph-Arg-Leu  tested 
with  the  wild  type  and  wild-type  recombinant  enzyme. 


These  were  analyzed  on  a Perseptive  Biosystem  MALDI  top 
(Matrix-Assisted  Laser  Desorption  ionization  Time  of  Flight) 


University  of  Florida.  The  predominant  peak  was  35,000 


Kinetic  ftnalvs 


at  position  13,  kinetic  parameters  (keM,  K„,  kcaC/K„)  for  the 
substrates  of  the  form  Lys-Pro-Ala-Lys-Phe*Nph-Arg-Leu  with 
substitutions  in  the  P3  and  P2  positions  were  determined. 
These  results  in  comparison  to  the  wild  type  enzyme  are 
listed  in  Table  4.2.  kcat/Km  is  the  second  order  rate 
constant  that  defines  all  the  steps  of  an  enzyme  reaction 


the  transition-state  complex. 


sible  step 


PH  Dependence  Studies.  To  understand  the  cation  binding 
preferences  of  the  mutant  enzymes  in  the  S3  and  the  S2 
subsite.  pH  dependence  studies  were  carried  out  with  the 
following  peptides.  These  peptides  were  chosen  because  they 
have  a positively  charged  residue  in  either  the  P2  or  the  P3 
position  (peptide  1 and  peptide  2) . The  studies  will  aid  in 
our  understanding  of  the  proposed  electrostatic  interactions 
taking  place  in  the  S2  and  S3  subsites  respectively.  The 
results  are  presented  in  Table  4-3. 

Pro-Ala-Lys-Phe'tJph-Arg-Leu . 
Pro-Arg-Ala-Phe*Nph-Arg-Leu . 

Pro-lie- Ala-Phe*Nph-Arg-Leu . 


provide  information  on  the  selectivity  of  the  mutant  enzymes 
values  determined  for  the  Eli  Lilly  inhibitor  LP-130  used  in 

as  evident  from  the  data,  the  inhibitor  binds  more 
strongly  (16-fold)  to  the  Glu287  mutants  in  comparison  to  the 

hydrophobic  S2  pocket  in  the  mutant  enzyme.  A hydrophobic 
residue  in  the  P2  position  of  the  inhibitor  can  anchor 
strongly  to  the  52  subsite  due  to  enhanced  hydrophobic 
interactions.  Similar  hydrophobic  effects  are  evident  with 
the  Glul3  mutant.  The  Glul3Gln  mutant  also  has  a 5-fold 


Replacing 


glutamine,  did  not  exhibit  remarkable  changes  in  enzymati- 
specificity.  The  kcat/Km  values  are  similar  within  standa 
errors.  However,  this  change  was  detrimental  Cor  the 
arginine  containing  peptide.  Increasing  the  pH  did  not 
improve  the  catalytic  efficiency  of  the  enzyme  toward  the 

electrostatic  interaction  provided  by  the  Glul3  residue  i~ 
the  wild  type  enzyme.  This  data  is  supportive  of  the 

Based  on  the  transition-state  theory,  the  change  in 

released  when  the  substrate  is  bound  ( A Gs ) and  the  activa 
energy  (AG1).  AG*  represents  the  energy  for  the  formatio 

the  transition  state.  This  is  shown  in  the  following 


AG{  = AGj  + AG'  = RT  ln(*,r  / h)  - RT  ln(*M  / Km 


explained  ir 


>11  the  peptide 


bind  to  the  active  site  in  an  extended  P-strand  conformation. 
Binding  of  a residue  in  one  subsite  can  affect  the  binding  in 
another  subsite.  Changing  the  Glul3  residue  to  an  alanine 
has  made  the  S3  subsite  generally  hydrophobic.  Hence,  the 
alanine  in  the  P3  position  of  the  peptide  can  position  itself 
strongly  in  the  hydrophobic  environment.  This  strong 
anchoring  in  the  S3  subsite  can  effect  the  positioning  of  a 
leucine  or  an  alanine  residue  in  the  S2  subsite.  The  change 

to  the  observed  3-fold  increase  in  the  koat/Km  values  which 
reflect  the  catalytic  efficiency.  As  discussed  earlier,  in 
chapter  3 and  in  this  chapter,  the  S2  subsite  of  porcine 
pepsin  is  largely  hydrophobic.  Hence,  the  leucine  and  the 
alanine  residue  bind  productively  exhibiting  the  highest 
kcot/Km  values  with  all  the  substitutions  tested  in  the  P2 

Thus,  the  strong  anchoring  of  the  alanine  residue  in  the 
S3  subsite  effects  the  interaction  in  the  S2  subsite.  This 
observation  suggests  that  there  is  an  interdependency  between 
the  subsites  of  the  enzyme.  Detailed  discussion  of  this 

In  the  case  of  the  Glu287  mutants,  a large  effect  on  the 
kcat/Kn  parameter  was  observed.  All  the  P2  substitutions 
exhibited  a 2-3  fold  increase  in  kcat/Km  value.  This  effect, 
as  discussed  earlier,  was  predominantly  due  to  the  increase 


Glu287 


:ificity  of  the 
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CHAPTER  5 

COMPARISON  OF  KINETIC  PARAMETERS  OF  PORCINE  PEPSIN  WITH 
CATHEPSIN  D AND  CATHEPSIN  E 


Introduction 


Fruton  (Fruton,  1970;  Voynick  and  Fruton,  1971) . Such 

specificity  (Dunn  et  al.,  1987;  Pohl  and  Dunn,  1988;  Richards 
et  al.,  1990) 

This  chapter  addresses  the  differences  in  these 
secondary  interactions  specifically  in  the  S2  and  the  S3 


cathepsin  D and  human  cathepsin  E. 


This  chapter  also  describes  the  energy  contributions  of 


3 and  the  Glu287  m 
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:ifically  relate 


lists  the  comparative  specificity  constants  (kcat/Km)  o£  the 


were  of  the  form  Lys-Pro-Ala-Lys-Phe*Nph-Arg-Leu  with 
systematic  substitutions  in  the  P3  and  P2  positions. 


All  substrates  with  substitutions  in  the  P3  position 

exhibited  a strong  dislike  for  the  substrates  with  all  the 
substitutions  tested.  A similar  trend  was  observed  for 
cathepsin  E,  exhibiting  low  kcat/K„  values,  in  comparison  with 


As  explained  earlier  in  Chapter  3,  pH  dependence  studies 
carried  out  with  a peptide  with  an  arginine  in  the  P3 
position  indicated  that  the  group  that  is  titrated  has  a pK„ 


This  titratable  effect  with  the  arginine  containing  peptide 
was  also  seen  with  cathepsin  E.  Analyzing  the  crystal 
structure  of  porcine  pepsin  (Abad-zapatero  et  al.,  1991)  and 
the  rule-based  molecular  model  of  cathepsin  E (unpublished 

s?  Subsite 

Table  5-1  also  represents  the  kcae/Km  values  exhibiting 
the  S2  subsite  preferences  of  the  three  mammalian  enzymes 
under  consideration.  The  peptides  were  cleaved  at  measurable 
rates  by  porcine  pepsin.  The  substitutions  were  not 
particularly  discriminatory.  Cathepsin  D accommodates  the 
hydrophobic  leucine  residue  with  the  highest  kct/K,,  value  for 

preferences  for  the  P2  substituents.  The  serine  substitution 
was  more  productive  in  comparison  to  the  cathepsin  D results. 
The  P2  arginine  containing  peptide  was  not  cleaved  by 

Since  all  the  peptides  containing  a positively  charged 

synthesized,  to  further  explore  the  distinctions  in  the  S2 
subsite  (Scarborough,  1993;  Scarborough  et  al.,  1993; 


1994) . 
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enzymes  (Table  5-3 


These  pepcides  w 


porcine  pepsin  and 
ns  in  Che  S2  subsice  in 


ail  of  Che  chree 


cachepsin  D and  cachepsin  E.  Increasing  Che  hydrophobicicy 


observacion  in  Table  5-1,  Che  posicively  charged 

For  cachepsin  E.  Che  gluCamic  acid  subscicucion 
exhibiced  approximacely  cwo-fold  higher  kcac/K,„  values  chan 


mechylene  group  in  Che  gluCamic  acid  residue,  which  can 
pocencially  parcicipace  more  favorably  wich  Che  predominancly 
hydrophobic  S2  pockec  of  Che  enzyme.  This  difference  may 
also  be  relaCed  Co  Che  differences  in  Che  pKa  values  of  Che 
side  chains.  Since  Che  pKa  of  Che  gluCamaCe  is  slightly 
higher  than  the  aspartate,  ic  is  possible  that  aC  pH  4.5 
(assay  pH  for  kinetic  characterization  of  cachepsin  E) . the 
asparCaCe  is  completely  deprotonated  rendering  it  negatively 


Che  git 


partially 


scill  exhibiting  some  hydrophobicity. 

The  arginine,  histidine  and  lysine  substitutions 
exhibited  the  lowest  Iw/K*  numbers  £or  cathepsin  E and 
cathepsin  D.  It  can  be  concluded  from  this  observation  that 
like  cathepsin  D,  cathepsin  E also  has  a dislike  for 
positively  charged  residues  in  the  S2  subsite. 

Proline  was  totally  unacceptable  in  the  S2  subsite  for 
all  the  enzymes  under  study  which  may  be  explained  due  to  the 
unique  conformation  of  the  proline  side  chain  leading  to 
unproductive  binding. 

Porcine  pepsin  also  accommodates  the  hydrophobic 
substitutions  readily  due  to  the  generally  hydrophobic  nature 

possible  due  to  the  presence  of  a glutamic  acid  at  position 
a positively  charged  residue  in  the  P2  position  discussed  in 

In  general,  considering  the  S2  subsite  of  cathepsin  D 
and  cathepsin  E.  hydrophobic  residues  in  the  P2  position  of 
the  substrate  are  optimal.  Negatively  charged  and  hydrogen 
bonding  residues  are  acceptable  and  a strong  dislike  for 
positively  charged  residues  is  observed.  Porcine  pepsin  also 
obic  residues  largely.  The  difference, 
n the  acceptance  of  positively  charged 


hydrophc 


P2  positic 


lion  with  GXu287. 


Comparing  the  ctystal  structures  o £ the  three  mammalian 
enzymes  being  discussed,  the  S3  subsite  of  all  the  enzymes  is 
predominantly  hydrophobic  (Abad-Zapatero  et  al.,  1991;  Fusek 
et  al.,  1992;  Metcalf  and  Fusek.  1993;  Scarborough  et  al., 
1993;  unpublished  data).  As  discussed  earlier  in  Chapters  3 
and  4,  the  S3  subsite  of  porcine  pepsin  is  defined  by  the 
residues  Tyr75,  Thr77,  Phelll.  Tyrll4,  Alall5,  Proll6, 

Gly 2 17 , and  Thr218  (Abad-Zapatero  et  al.,  1991).  The 
hydrophobic  nature  of  the  pocket  can  enhance  hydrophobic 
interactions  with  the  bulky  p-branched  isoleucine  and  the 
hydrophobic  alanine  residue  to  the  same  extent.  The  peptides 
may  anchor  strongly  due  to  the  size  of  the  S3  pocket  in 
comparison  to  the  size  in  cathepsin  E or  cathepsin  D. 

A significant  difference  which  is  seen  in  the  S3  subsite 
of  cathepsin  D is  that  Thrill  and  Alall4  replace  Phelll  and 
Tyrll4  residues,  respectively,  in  porcine  pepsin.  This  may 
result  in  an  increase  in  the  size  of  the  S3  pocket  of 

packing  in  the  S3  pocket  leading  to  tighter  binding.  This 
observation  may  be  explained  by  the  size  of  the  S3  subsite, 
as  well  as  the  nature  of  the  amino  acids  that  define  the 


fashion  and  there  is  an  interdependency  between  the  subsites. 

comparison  to  that  of  pepsin  and  is  essentially  composed  of 
polar  amino  acids.  Also,  the  Phelll  is  replaced  by  a Tyrlll. 

Comparing  the  S2  subsite  in  crystal  structures  of 

cathepsin  E.  it  can  be  seen  that  position  287  can  greatly 
influence  the  binding  of  the  substrates  with  a positive 
charge  in  the  P2  position.  Glu287  in  porcine  pepsin  which 
borders  the  S2  and  S4  subsite  can  be  involved  in  electrostatic 

Cathepsin  D and  cathepsin  E lack  this  interaction  due  to  the 
presence  of  hydrophobic  methionine  and  uncharged  glutamine  at 
position  287,  respectively.  Hence,  the  presence  of  the 
negative  charge  in  porcine  pepsin  may  influence  greatly  the 
ability  to  cleave  peptides  with  a positive  charge  in  the  P2 
position.  The  S2  subsite  of  cathepsin  D is  largely 
hydrophobic,  promoting  strong  interactions  with  hydrophobic 
residues,  such  as  leucine.  The  negatively  charged  aspartate 
and  hydrogen  bonding  serine  are  moderately  acceptable  in  this 
predominantly  hydrophobic  environment.  Supporting  the 
earlier  data,  positively  charged  arginine  is  unacceptable  in 
the  s2  subsite.  In  cathepsin  E the  acceptance  of  a serine 
residue  in  the  P2  position  can  be  supported  by  the  presence 
of  three  threonine  residues  namely,  Thr77,  Thr218,  Thr222 
which  define  the  S2  binding  pocket  in  human  cathepsin  E.  The 
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charged  aspartate  and  arginine  were  least  acceptable.  This 
may  be  attributed  to  the  lack  of  the  glutamic  acid  in  the  S2 
subsite  which  is  present  in  porcine  pepsin  and  also  the 
possibility  of  the  number  of  rotatable  bonds  of  the 

control  the  efficiency  of  catalysis. 

Enzymatic  catalysis  is  controlled  by  the  binding  of  the 

controlled  by  a variety  of  forces  which  include  hydrogen 


combination  with  detailed  kinetic  analyses  can  allow  us  to 
predict  the  roles  of  residues  that  may  play  a prominent  role 

directed  mutagenesis  permits  the  exploration  of  the  effects 
of  the  critical  residues  in  enzymatic  specificity  and 
catalysis. 


Glul3  in  the  S3  subsite  and  Glu287  in  the  S2  subsite  of 
porcine  pepsin.  The  replacements  at  these  two  positions  with 


mammalian  enzymes  of  the  same  family,  have  provided  insights 
on  the  importance  of  the  S2/P2  interactions.  The  data  in 
Chapter  3 and  Chapter  4 are  suggestive  of  the  interdependency 


GIul3Gln, 


;287Met  and  the  Glul3/Glu287 


energy  of  binding  of  the  transition  state  tested  with 
peptides  with  substitutions  in  the  P3  and  Pj  positions. 

Change  in  free  energy  caused  by  a mutation  is  expres 
relative  to  the  wild  type  protein  as  MG(xi  where  X = a si 
mutation.  The  free  energy  change  for  the  two  mutations  X 
Y can  be  related  to  the  energy  of  the  double  mutant  by  th 
following  equation  (Carter  et  al.,  1984;  Ackers  and  Smith 
1985:  Wells.  1990): 


al.,  1984).  This  term  defines  the  change  in  energy  of 
This  value  is  either  positive  or  negative  depending  on 
property  of  the  enzyme  (Wells,  1990) . 

coupling  energy  is  negligible  and  the  free  energy  change 
the  two  single  mutants.  This  is  shown  in  the  following 


AAG(Doubi.)  = AAG(oiul3Gln)  + 


AAG(Glu2S7Met) 


100 


This  effect  is  clearly  observed  with  the  mutants  tested  with 
the  P3  substituents  of  the  peptide  of  the  form  Lys-Pro-Ala- 
Lys-Phe*Nph-Arg-Leu . The  overall  change  in  free  energy  going 
from  the  wild  type  to  the  double  mutant  averages  to  about 
+0.5  kcal/mole,  which  is  the  sum  of  the  energies  of  the 
individual  mutations  for  a given  peptide.  Hence,  these 
mutations  are  perfectly  additive  with  these  set  of  peptides 
calculated  using  the  following  equation  (Wilkinson  et  al.. 
1983)  The  results  are  shown  in  Table  5-3. 


AAG*  = -RT  l~))ot‘ l>* 


following  relation  holds  true: 


the 


AGi  = AG2  and  AG3  = AG*  (Carter  et  al.,  1984). 


where.  AGi  . change  in  free  energy  caused  by  the  Glul3Gln 
mutation  expressed  relative  to  the  wild  type  protein,  AG2  . 


relative  to  Glu287Met  protein,  AG3  ■ change  in  free  energy 
caused  by  the  Glu287Met  mutation  a relative  to  the  wild  type 
protein,  and  AG4  - change  in  free  energy  caused  by  the  double 
mutation  expressed  relative  to  the  Glul3Gln  mutant  protein. 
However,  if  the  two  mutations  were  interacting  in  some  way 


AGi  * AG 2 and  AG3  * AG4,  and 

(AGi  - Ag2)  = (AG3  - AG4)  * 0 (Carter  et  al.,  1984). 

between  the  two  sites  that  have  been  mutated.  The  coupling 
energy  in  my  case  measures  the  energy  difference  measured 
between  the  double  mutant  (Glul3Gln/Glu287Met ) and  the  two 
single  mutants  measured  separately  (Glul3Gln,  Glu287Met) . 

This  phenomenon  is  termed  as  *non-additivity  (Wells,  1990) . 
The  non  additivity  effect  can  exist  when  the  mutations  at  the 

two  subsites.  As  explained  earlier  in  Chapter  4,  there  is  a 
strong  interdependency  between  the  S2  and  83  subsites.  These 

hydrogen  bonding,  hydrophobic  interactions,  and  even  through 
conformational  changes  within  the  peptide.  Such  changes  can 
also  be  a result  of  replacement  with  a chemically  different 
side  chain. 

Such  deviations  from  simple  additivity  is  reflected  in 
the  energy  contributions  of  the  double  mutant  cycles  with  the 
peptides  of  the  form  Lys-Pro-Ala-Lys-Phe*Nph-Arg-Leu 
systematically  substituted  with  residues  in  the  P2  position. 
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The  results  are  outlined  in  Table  5-4.  There  is  a marked 
preference  for  all  the  Pj  peptide  substitutions  tested  for 
the  Glu287Met  and  Glu287Gln  mutants  (Table  4.2  in  Chapter  4). 
Based  on  the  energy  contributions  outlined  in  Table  5-4,  the 
results  are  indicative  of  a favorable  average  transitional 
state  binding  energy  of  -1.0  kcal/mole.  This  suggests  that 
the  orientation  of  the  P2  side  chain  in  the  Glu287  mutants  is 
different  leading  to  productive  binding  and  higher  enzymatic 
specificity  toward  these  peptides.  The  energy  terms  are  not 
simply  additive  with  these  set  of  peptides.  Hence,  changing 

This  effect  was  not  significant  with  the  same  set  of  peptides 

additivity  effect,  AGi  * AG2  and  AG3  * Ag«.  The  increase  in 
catalytic  activity  by  the  mutant  enzyme  toward  the  same 
substrate  clearly  implies  that  the  structure  of  the  mutants 
is  perfectly  normal. 

This  suggests  that  the  ES  interface  may  exhibit  some 
flexibility  in  the  S2/P2  region.  This  flexibility  may  also 
arise  due  to  movement  of  the  side  chain  of  the  substrate, 
similar  results  on  non-additivity  have  been  extensively 
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The  lysine  substitution  did  not  effect  the  specificity 

imply  that  the  geometry  and  the  number  of  rotatable  bonds  of 
the  positively  charged  residue  may  exert  an  effect  on  the 
enzymatic  specificity.  This  effect  was  clearly  observed  even 
with  the  cathepsin  D and  cathepsin  E results  tested  with  the 
same  set  of  peptides  (refer  to  Table  5-1  and  5-2) . 

the  Met287  residue  in  the  S2  subsite,  was  replaced  by  a 

interchangeable  specificity  to  some  extent.  Cathepsin  D, 
which  has  a strong  dislike  for  positively  charged  residues  in 
the  Pz  position,  exhibited  measurable  cleavage  of  such 
peptides  in  mutants  replacing  the  Met287  with  a glutamic  acid 
(Scarborough,  1993;  Scarborough  and  Dunn,  1994).  In  my  case 
with  porcine  pepsin,  by  making  the  S2  subsite  generally 
hydrophobic  by  replacing  the  polar  glutamate  with  a 
methionine,  the  enzyme  now  exhibits  greater  specificity 
toward  hydrophobic  substitutions  similar  to  cathepsin  D. 

Reports  on  structural  changes  induced  upon  the  binding 
of  an  inhibitor  or  a substrate  to  the  active  site  of  pepsin 
have  been  reported  in  the  literature  (Abad-Zapatero  et  al., 
1991) . There  exists  a flexible  sub-domain  within  the 
carboxyl  lobe  of  pepsin  and  the  fungal  aspartic  proteinases 
(Suguna  et  al.,  1977;  James  and  Sielecki,  1983;  Abad-Zapatero 
et  al.,  1990,  1991;  Blundell  et  al.,  1990;  Gilliland  et  al., 
1990).  The  residues  that  are  involved  in  this  flexible  sub- 


domain 


L-238,  245-277 


287  falls  within  this  mobile  region.  It  may  be  possible  that 
the  removal  of  the  Glu287  residue  may  reduce  some  steric 
constraints  within  the  interface  of  the  S2/P2  region.  This 
release  in  constraints  may  promote  the  binding  of  the  P2 


All  the  data  presented  here  suggest  that  there  is  an 

favorable  interactions  at  one  subsite  may  promote  favorable 
interactions  in  the  other  as  observed  with  the  alanine  and 


the  peptides  to  decrease  the  energy  barrier  to  the  transition 
state,  increasing  the  enzymatic  specificity  of  the  enzyme. 


specificity  of  cathepsin  D or  cathepsin  E into  porcine 
pepsin.  Based  on  all  our  kinetic  data,  the  changing  of 
Glu287  to  methionine  or  glutamine  was  favorable  with  the 
hydrophobic  P2  substituted  peptides  tested.  Although  the 
active  site  remained  intact,  the  changing  of  a single  amino 


evaluating  the  contribution  of  the  S2  subsite  toward 
enzymatic  specificity  of  porcine  pepsin. 


CONCLUSIONS 


CHAPTER  6 

AND  FUTURE  DIRECTIONS 

Protein  engineering  has  become  an  important  tool  to 
study  structure-function  relationship  of  proteins.  Using  a 
combined  approach  of  three-dimensional  structural 

subsites  of  porcine  pepsin  in  enzymatic  specificity. 

The  results  have  revealed  the  importance  of  the  Sj/Pj 
interactions  involving  the  Glu287  residue  in  catalysis.  pH 
dependence  studies  carried  out  with  the  peptide  containing  a 
lysine  residue  in  the  P2  position,  with  the  Glu287  mutants 
(Chapter  4),  are  suggestive  of  other  potential  residues  in 
the  vicinity  of  the  S2  subsite  which  may  be  involved  in 
general  electrostatic  interactions.  Two  of  the  candidates 
are  Glu297  and  Asp290  which  are  8-10  A away  from  the  lysine 
side  chain  in  the  P2  position  of  the  peptide.  Triple  mutants 
of  Glu287,  Asp290  and  Glu297  may  reveal  the  possibilities  of 
these  electrostatic  interactions. 

abundance  of  negative  charged  residues  in  comparison  to  the 
other  members  of  the  family.  The  negative  charges  on  the 
surface  of  a protein  can  affect  structure,  stability  as  well 
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